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Abstract 
A step-wise numerical calculation method was developed to provide predictions of when 
and where carbonate deposits might be found through reservoirs during CO2 sequestration. Flow 
experiments through porous media using a supersaturated carbonate fluid were also performed 
in order to observe flow rates. In order to evaluate precipitation rates and permeability change in 
the formation, calculated flow rates based on the proposed geochemical clogging model were 
compared with the experimentally observed data. Both high and low temperature cases were 
studied to understand how hydrothermal conditions can affect precipitation rates of carbonate. 
According to chemical kinetics, growth rates of minerals are generally proportional to the 
saturation index (S.I.) that depends on temperature. Thus, a supersaturated fluid has the 
advantage of improving the filtration and the amount of C fixation (σ). However, when the ratio 
of filtration coefficient (λ) to pore fluid velocity (u) increases, the permeability around the 
injection point tends to be significantly reduced by carbonate accumulation, and thus, this might 
result in insufficient injection of CO2. Therefore, it is essential to understand how to control 




Carbonate mineralization takes advantage of permeability reduction to seal formations with 
a decreasing risk of CO2 leakage while increasing storage safety. It has been experimentally 
shown that the calcite- and kaolinite- rich rock produced through CO2-water-rock interaction 
(Gales and Shane, 1905; Gunter and Bird, 1988) clog pores or fractures in the CO2 reservoir 
(Lee et al., 1996). Precipitation rates tend to be faster at higher temperatures and the solubility 
product shows lower values (Chiba, 1991). Long-term CO2 containment and safety evaluation 
of CO2 leakage are important issues, making regions that have thick and continuous cap rock 
more attractive as storage locations. 
A single reservoir measurement at Sleipner indicates a temperature at the injection point of 
*Manuscript




































































about 36 °C. Under such conditions, CO2 will remain stable as a supercritical phase due to slow 
reaction rates in reservoir rocks (Bickle et al., 2007). On the other hand, at the Nagaoka site, 
although the injected CO2 was in a supercritical state under the temperature of formation water 
(48.8 °C), the observed chemical composition of water and the reservoir modeling indicated that 
mineral trapping would be more important than at Sleipner as geologic sequestration could 
occur from the early stage of CO2 storage (Mito et al., 2008). The precipitation kinetics of 
calcite used by Mito et al. (2008) were those examined (Brown et al., 1993; Jonasson et al., 
1996; Teng et al., 2000; Zhang and Dawe, 2000) and fitted to second order expressions at 
elevated temperatures (Shiraki and Brantley, 1995). 
Meanwhile, it is known that the rate of chemical reaction rate of CO2 with the rock becomes 
faster and the carbonate minerals precipitate easily as the reaction temperature rises. Carbon 
dioxide reacts with Ca from the rock, and carbonate will be formed as CO2 is fixed when the 
exhaust gas is injected into the high-temperature underground region (Ozawa et al., 2006; 
Kuroda et al., 2009). The basic idea of this research is to study acceleration in growth of the 
artificial carbonate, which can prevent CO2 from leaking and facilitate CO2 storage in areas with 
no continuous cap rock. In contrast to the benefit of self-sealing by calcite, injectivity might 
decrease with time due to reservoir clogging. Filtration is a key concept to explain the 
mechanism by which very small mineral particles are transported through carbonate fluid and 
are extracted from solution by chemical reaction between fluid and rocks. Calcium
 
ions released 
from rocks might be removed as CaCO3 during CO2 injection into relatively high-temperature 
fields (Ueda et al., 2005).  
The carbonate mineral formed in ultramafic rocks is commonly hydromagnesite at low 
temperature (RITE, 2008) and calcite at high temperature in the Ogachi Hot Dry Rock (HDR) 
geothermal site (Kaieda et al., 2005). However, there is little information on how permeability 
changes in reservoirs by chemical reaction of CO2 with reservoir rocks.  
For this reason, a newly developed clogging model is used to evaluate rates and amounts of 
carbonate precipitation by monitoring flow rates during CO2 sequestration. Results of laboratory 
scale experiments and numerical simulations can provide insights for clogging phenomena in 
low permeability reservoirs by carbonate deposition with respect to location and time. 
 
2. Experimental setup 
Column tests were performed in order to evaluate the precipitation rates of carbonate 
minerals such as calcite and permeability change, using two types of porous media (glass beads 
and rock cuttings) and different fluid properties. The chemical compositions of solutions were 
determined by ICP-MS (for Mn, Fe and Al) ICP-AES (for Na, K, Ca and Mg) and ion 
chromatography (for Cl and SO4) (Table 1). The saturation index (S.I.) values with respect to 












logS.I.                                                                                                                       (1) 
where I.A.P. and Ksp are ion activity products and solubility products of calcite, respectively. 





































































2.1 Column test at room temperature (for Namikata LPG site) 
The groundwater which was used for the column test was obtained from a tunnel at the 
Namikata LPG stockpiling base in Ehime Prefecture, Japan. This water is enriched in CaCO3 
and has a high pH due to interaction with cement (pH=11.3 and S.I.=1.1), resulting in calcite 
precipitation in the tunnel. The test with this groundwater was performed at constant average 
temperature (20.2 °C) for 25 days. The equipment setup was designed to maintain the 
deferential total head (Δh=100 cm) by keeping the points of overflow and discharge fixed as 
shown in Figure 1(a). The fluid was injected into the column at 13.3 cm
3
/s initially. The column 
is a rectangular, parallel piped chamber with 50-cm-long sides and 4 cm square on the side. The 
column is packed with glass beads, which have as average diameter of 2 mm and a density of 
2.50 g/cm
3
. The initial porosity of this packed column was 0.29, which was determined by the 
volume of water in pores and the volume of the column. For numerical simulations, it is 
appropriate to adopt glass beads because they are spherical shapes and density is almost the 
same as the rock. Both top and bottom of the column are covered with filters to render the glass 
beads immovable. 
  
2.2 Column test at high temperature (at Ogachi HDR geothermal site) 
The laboratory experiment was performed under conditions similar to Ogachi HDR 
geothermal site, Japan. The equipment setup is illustrated in Figure 1(b). The column consists of 
a cylindrical chamber with an inside diameter of 4 cm and the height of 50 cm. A section of 
granodiorite core (from 998 m depth in the Ogachi production well) was crushed and sieved to 
1-2 mm diameter. These rock fragments, the density of which is 2.66 g/cm
3
, were packed into 
the column. The porosity of the column with rock cuttings was measured at 0.27, which was 
also the volume of saturated water in the closed-packing column. The injection pipe was 
positioned at the top of the column and fluid at neutral pH (=6.2) flowed downward at an initial 
flow rate of 5.5 cm
3
/s for 4 days. Flow rates, temperature, and pressure within the column were 
monitored every hour. The differential total head between the inlet and the outlet was 5 kPa 
regarded as a 50-cm-length column. Before injecting the fluid into the column, the S.I. with 
respect to calcite was -0.38 (dissolution of calcite) at 15.1°C. After injecting the fluid into the 
heating column, S.I. increased by 1.8 when the average temperature was kept constant at 185°C. 
Fluid pressure inside the column increased from 2 MPa to 6 MPa gradually. 
 
3. Geochemical clogging model 
3.1 Advection-reaction equation 










3 COCaCaCO                                                                                                             (2) 




 concentration in 
the fluid. Bicarbonate is a major species in neutral solutions. The equilibrium conditions in 
equation (2), which also thermodynamically represents the real reaction, were calculated. For 
this reason, the precipitation rate is replaced as a one-component fluid with Ca
2+
 for 




































































Namikata, the amount of deposited Ca might be overestimated.   
In this calculation, the conservation of mass for one-dimensional transport with calcite 
deposition in porous media (Fig. 2) is modeled by an advection-reaction formulation as in 


































                                                                                           (3) 
where C is the Ca
2+
 concentration in flowing water (g/cm
3
), Ceq is the equilibrium Ca
2+
 
concentration in water (g/cm
3
), which is temperature dependent, t is time (s), u is the fluid 
velocity in porous media (cm/s), x is distance (cm), A/M is the specific reactive surface area (A) 
per kg of H2O (M), and kT (mol·cm
-2·s-1) is the rate constant of the chemical reaction at T, which 





















kk aT                                                                                           (4) 
where Ea is the activation energy, R is the gas constant, T is the absolute temperature, and k25 is 
the rate constant at 298.15 K.  




 are constant, the 
general solution of equation (3) can be described by equation (5) when the concentration at the 































i exp                                                                                                     (5) 
where C' (=C-Ceq) is the supersaturated concentration if S.I. > 0. Introducing the filtration 











exp                                                                                                                     (6) 
From equation (2), the solubility product constant for calcite in the water is a function of 
temperature, as shown in equation (7) (Arnórsson et al., 1982). 
TTKsp /24760349.022.10                                                                                             (7) 
The concentration of Ca
2+
 is assumed to be nearly equal to that of CO3
2-
, and the equilibrium 
concentration of Ca
2+
 can be calculated by equation (8). 
TTKC speq /24760349.022.10                                                                            (8) 



























                                                                                           (9) 
This calcite precipitation causes the fluid flow to clog in porous media and the aim of the 
study is to investigate the change of the precipitation rates caused by flow conditions. In the two 
experiments mentioned above it was observed that clogging decreases the permeability of 
porous media and leads to reducing amounts of flow. From equation (9) the precipitation of 




































































temperature (T). In the following sections an estimation method of k25 values will be proposed 
from observed data sets. 
 
3.2 Calculation procedure 
Step-wise numerical calculation was programmed by spread sheet for the geochemical 
clogging model. This model takes into account various properties given by the experimental 
conditions (Table 2) and it can evaluate the amount of Ca (σi,j), flow rates (Qi,j) and precipitation 
rates (vn). These properties can be assumed to be constant within a small discretized grid for 
computational purposes in each step following the procedure in Figure 3. The subscripts i and j 
represent the space grid index and the time index, respectively. 
In the laboratory experiments, flow rates (Qi,j) are monitored with elapsed time to predict 
precipitation rates (vn). The trial-and-error approach was adopted in order to estimate k25 from 
obtained data sets; given appropriate initial k25 value, the various factors (e.g., pore fluid 
velocity (ui,j), supersaturated concentration (C'i,j), amount of deposited Ca (σi,j), porosity (ni,j) 
and intrinsic permeability (Ki,j)) can be estimated step by step by using the computational 
procedure in Figure 3. Applying Darcy's law to the column tests, the porosity-intrinsic 
permeability relationship is assumed to obey the Kozeny-Carman equation (Carrier, 2003). It is 
possible to obtain the change of flow rates with updated intrinsic permeability for a given rate 
constant k25. Details of the computational steps are as follows. 
The pore fluid velocity (ui,j) can be expressed as equation (10): 
jijijiji niKu ,,,, /                                                                                                                    (10) 
where ii,j is hydraulic gradient, Ki,j and ni,j are intrinsic permeability and porosity of the porous 
media, respectively.  The initial intrinsic permeability (Ki,0) was calculated with initial flow 
rates (Qi,0) and the initial porosity is given by the laboratory measurement in Table 2. Although 
the concentration of Ca
2+
 decreases exponentially with the distance of fluid flow, it is assumed 
that this value is constant within the infinitesimal grid elements. The supersaturated 





































                                                                      (11) 
This precipitation process has been described as the first-order rate law from previous filtration 
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,,                                                                                                     (13) 
This deposited Ca changes the porosity. The porosity at position i and time step j+1 is updated 





















































































                                                                                                                    (15) 
where n0 is the initial porosity (0.29 in the Namikata case, 0.27 in the Ogachi case) and ρs is the 
density of Ca. Based on the Kozeny-Carman equation with porosity change, the intrinsic 









































KK                                                                                             (16) 
As described above, the proposed geochemical model is applicable to supersaturation cases 
for CaCO3 because the change of porosity resulting from the precipitation process is taken into 
consideration. Decrease of pore fluid velocity caused by calcite precipitation accounts for the 
reduction of flow rates. Finally, the calculated flow rates, as per equation (17), can be matched 
to observed data in column tests in order to evaluate precipitation rates: 
AnuQ jijiji  ,,,                                                                                                                      (17) 
where A is the cross-sectional area of the column packed with porous media. If these observed 
and calculated flow rates have a large discrepancy, the rate constant (k25) assumed initially is 
modified until these values become close enough. 
 
4. Results and discussion 
Column tests were performed at a low temperature (20.2° C) for Namikata and at a high 
temperature (185° C) for Ogachi. Even though both experiments used material and fluid that 
had different properties, discussion focuses on clogging mechanisms with permeability changes. 
Deposits of both calcite and portlandite (Ca(OH)2), identified by X-ray diffraction (XRD), 
were found on the surface of rock cuttings in the column test at Ogachi. Portlandite which 
precipitated in the center part of the column might affect the observed permeability change. In 
contrast, calcite was distributed uniformly. From this observation, the estimated precipitation 
rates of Ca minerals include both portlandite and calcite. Controlling temperature was difficult 
in this experiment and may have exceeded 250 °C temporarily. The solubility of calcite 
decreases with increasing temperature and precipitation occurs immediately at high 
temperatures. In addition, the variations in temperature inside the column would impact 
precipitation rates as more clogging would occur in elevated temperature sections.  
Properties of porous material and fluid are listed in Table 2 as experimental conditions. The 
required specific reactive surface area (A/M) and activation energy (Ea) are given as 9.8 cm
2
/g 
and 41.87 kJ/mol, respectively, in Table 2 (Xu et al., 2004). The proposed methodology in this 
model can estimate the change of total head, pore fluid velocity and porosity with respect to the 
distance from the inlet (Figs 4 and 5). When the pore fluid velocity decreases with time elapsed, 
the constant filtration coefficient divided by pore fluid velocity increases and the distribution of 
Ca concentration is likely to decline drastically. 
Previous research has had limitations for evaluating where and when clogging could be 
either an advantage or a problem. Thus, the present numerical modeling developments are more 




































































calculations indicate that dissolved CO2 can be fixed as carbonate at both high temperatures and 
low temperatures. In this respect, several applications such as geothermal power plants and 
facilities for propane storage are favorable for quick mineralization to contribute to industrial 
application on storage safety. According to kinetic theory, precipitation rates tend to be greater 
with decreasing solubility product constant at high temperature. Equation (9), however, implies 
that precipitation rates can be accelerated with the high-rate constant k25 even if the temperature 
is low. Even though the Namikata case might be inappropriate to CO2 sequestration due to scale 
problems around the borehole, the carbonate mechanism at low temperature is worth comparing 
to the neutral mechanism for the Ogachi case, if only as a modeling validation exercise. 
The amount of precipitation with respect to distance is distributed quite uniformly in 
Ogachi, but calcite accumulated close to the inlet in Namikata (Fig. 6a). In the case of Namikata, 
the amount of C fixation as a solid phase was limited due to the fact that the supersaturated fluid 
could not flow into deeper parts of porous media due to the accumulation of suspended calcite 
particles occurring around the inlet (Fig. 6b). In this respect, the conditions at Ogachi fit better 
than the Namikata case in mineral trapping for sustainable carbonate storage (Fig. 6c). 
Figure 7 shows the normalized intrinsic permeability distribution with space and time. 
Intrinsic permeability for the Namikata case decreased markedly below x < 20 cm and thereafter 
kept constant and  almost the same as the initial intrinsic permeability in the remaining column 
section (Figs. 7a and b). These results are consistent with carbonate accumulation around the 
inlet (Fig. 6a). In contrast, the intrinsic permeability for the Ogachi case showed more uniform 
distribution at any distance from the inlet as shown in Figure 7c. The value λ/u is a key 
parameter to explain clogging phenomena with chemical reaction and advection. The smaller 
the λ/u, the more it is possible for geochemical trapping to deposit uniformly, as in the Ogachi 
case. In this respect, optimal λ/u can lead to successful CO2 fixation at hydrothermal conditions. 
 
5. Conclusions 
Precipitation rates for calcite accelerate with not only increasing temperature but also alkali 
concentrations even in the case of low temperatures. From this point of view, a step-wise 
numerical simulation has been developed considering filtration and advection including for 
systems at high and low temperatures. The possible amount of deposited Ca as calcite was 
evaluated for sustainable mineral trapping in CO2 sequestration considering the effect of 
clogging phenomena. In the case of one-dimensional flow, the concentration for advection-
reaction was derived by a mass balance equation and the first-order filtration law. In addition, 
the rate constant of the chemical reaction was used to predict permeability change with respect 
to time scales. Two column tests have been carried out in order to verify the geochemical 
clogging model proposed in this paper. Calculation indicate controlling the value of λ/u 
becomes the key parameter for successful CO2 sequestration. 
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Figure and Table captions 
Fig. 1 Experimental setup for the column test (a) at room temperature and (b) at high 
temperature. 
Fig. 2 Conservation of mass for the one-dimensional transport process in the advection reaction. 
Fig. 3 Procedure for numerical calculation in the geochemical clogging model. 
Fig. 4 Numerical calculation results for the Namikata case at room temperature (T=20.2 °C). 
(a) Flow rate, (b) Total head, (c) Pore fluid velocity, and (d) Ratio of filtration coefficient to 
pore fluid velocity (e) Porosity (f) and Supersaturated concentration of Ca
2+
 
Fig. 5 Numerical calculation results for the Ogachi case at high temperature (T=185 °C). 
(a) Flow rate, (b) Total head, (c) Pore fluid velocity, and (d) Ratio of filtration coefficient to 
pore fluid velocity (e) and Porosity (f) Supersaturated concentration of Ca
2+
 
Fig. 6 Comparison of amount of deposited total Ca 
(a) with respect to distance from the inlet. (b) with respect to elapsed time for the Namikata case. 
(c) with respect to elapsed time for the Ogachi case. 
Fig. 7 Comparison of normalized intrinsic permeability 
(a) with respect to distance from the inlet. (b) with respect to elapsed time for the Namikata case. 
(c) with respect to elapsed time for the Ogachi case. 
 
Table 1 Chemical composition of fluid samples. 


























































































































































































































































































Calculate pore fluid velocity
ui,j=Ki,j·  ii,j / ni,j [eq. (10)]








Amount of deposited total Ca  (σi,j)
Flow rate of discharge             (Qi,j)
Precipitation rates                     (vn)
j=j+1
No




Calculate and update concentration
C'i,j=C'i-1,j exp[- (1/ui-1,j+1/ui,j) λ(xi-xi-1)/2 ]       [eq. (11)]
Calculate σ with injection time
σi,j=∑ △σi,j [eq.(13)]
Update porosity of formation
ni,j+1=n0/(1+ σi,j/ρs)   [eq.(15)]
Calculate flow rate 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chemical composition of fluid samples For the Namikata case For the Ogachi case 
Date of observation 2009.10.24 2010.10.16 
Temperature of fluid (°C) 20.2 15.1 
pH (measured by pH meter) 11.3 6.2 
EC    (mS/m)  46 249 
S.I. of calcite  1.1 (at 20.2°C) 
-0.38 (at 15.1°C) 
 1.8   (at 185°C) 
Na   (mg/L)
 
 47 190 
K    (mg/L)  2 0.5 
Ca   (mg/L)  18 280 
Mg
   
(mg/L)  0.2 0.6 
Cl   (mg/L)  66 550 
SO4  (mg/L)  7.5 9 
SiO2   (mg/L)  12 28 
Al   (mg/L)  0.8 0.1 
Fe   (mg/L)  0.007 5.2 
Mn  (mg/L)  < 0.001 0.07 







































































Properties for numerical calculation Namikata case Ogachi case 
Density of deposited Ca, ρs (g/cm
3
)  1.55 1.55 
Density of porous material, ρm (g/cm
3
)  2.50 2.66 
Density of fluid, ρf (g/cm
3
)  0.998 0.882 
Initial porosity, n0 (-)  0.29 0.27 
Initial flow rate, Q0 (cm
3
/s)  13.3 5.5 
Initial intrinsic permeability, K0 (cm/s)  0.27 0.44 
Specific reactive surface area, A/M (cm
2
/g) 9.8 9.8 
Specific reactive surface area, S(=ρf (A/M)) (cm
-1
)  9.78 8.64 
Unit distance, Δx (cm)  1 1 
Differential time, Δt (s) 360 60 
Total head of inlet, h0 (cm)  100 50 
Total head of outlet, hL (cm)  0 0 
Hydraulic gradient, i (-)  2 1 


















Supersaturated concentration of Ca
2+







Temperature of fluid, T (°C)  20.2 185 
Activation energy, Ea (kJ/mol)  41.87 41.87 



















Filtration coefficient, λ (s-1)  0.38 0.011 
 
